Reductive biostimulation is currently being explored as a possible remediation strategy for uranium (U) contaminated groundwater, and is currently being investigated at a field site in Rifle, CO, USA. The long-term stability of the resulting U(IV) phases is a key component of the overall performance and depends upon a variety of factors, including rate and mechanism of reduction, mineral associations in the subsurface, and propensity for oxidation. To address these factors, several approaches were used to evaluate the redox sensitivity of U: measurement of the rate of oxidative dissolution of biogenic uraninite (UO 2(s) ) deployed in groundwater at Rifle, characterization of a zone of natural bioreduction exhibiting relevant reduced mineral phases, and laboratory studies of the oxidative capacity of Fe(III) and reductive capacity of Fe(II) with regard to U(IV) and U(VI), respectively.
Introduction
The legacy of U ore milling and processing has left many sites, particularly in the western U.S., with impacted groundwater even after extensive reclamation projects. Although the concentrations of U at these sites are substantially lower after the mill tailings are removed and the site is remediated, groundwater concentrations still often exceed the maximum contaminant level required for site closure. Since conventional remediation technologies (e.g., pump and treat) are costly for this type of scenario, alternate remediation strategies are currently being investigated. One promising strategy is reductive bioremediation, where dissolved U(VI) is reduced to relatively insoluble U(IV) by stimulating a native metal-reducing microbial community with an organic carbon substrate such as ethanol, acetate, or molasses. This process has been shown to significantly decrease dissolved U(VI) concentrations (e.g., Anderson et al. 2003) .
Since solid phase U(IV) is the desired product of reductive bioremediation, the long term efficacy of treatment will depend on the stability of these phases. Therefore, it is important to identify the mechanisms of formation, characterize the phases, and assess their stability in the subsurface to oxidation. The objectives of this work are to synthesize the results of several studies evaluating (1) the stability of biogenic uraninite (UO 2(s) ) deployed in groundwater at Rifle, (2) a zone of natural bioreduction exhibiting similar processes observed in artificially stimulated bioreduction, (3) the possible role of abiotic oxidation of U(IV) by Fe(III) as well as U(VI) reduction by adsorbed Fe(II).
2. Results and Discussion 2.1. In situ UO 2 stability in Rifle groundwater Nanopartculate biogenic uraninite is a well-characterized product of enzymatic U(VI) reduction by several species of metal-reducing bacteria (e.g., Bargar et al. 2008 and refs therein) . Although other forms of U(IV) may be produced during reduction, such as U(IV) adsorbed to biomass and minerals (Bernier-Latmani et al. 2010; Fletcher et al. 2010) , biogenic uraninite provides a proxy for various U(IV) phases and can be used to constrain the upper end of U(IV) stability in sediments. Of the possible oxidants in groundwater, dissolved oxygen (DO) is particularly important because it is ubiquitous and may be present in relatively high concentrations in upgradient groundwater. Rates of oxidative dissolution by DO were measured in situ by deploying biogenic uraninite in two wells at the Rifle site with differing DO concentrations using a novel membrane-walled cell (Campbell, et al., 2011a) . After 104 days of incubation in the groundwater, approximately 50% of the uraninite was dissolved with no accumulation of corrosion products. Compared to laboratory-derived rates, rates of dissolution in the field are 50-100 times lower. The presence of biomass in the deployment cell additionally retarded the oxidative dissolution in the field. Molecular diffusion and surface passivation by groundwater solutes are likely to be key processes decreasing oxidation rates in the field.
Characterization of zone of natural bioreduction
Several cores were drilled in a zone of natural bioreduction at the Rifle site in an area that had never been subject to acetate amendment. Sediment samples from a transect of samples ranging from typical Rifle sediments to naturally bioreduced sediments were analyzed to determine U and Fe oxidation state, Fe mineralogy, reduced sulfur (S) phases, solid phase organic carbon content, and microbial community. Solid phase U concentrations were substantially higher (2-10 times) in the naturally bioreduced sediments, with significant amounts of U(IV) present. The U(IV) was found to be in an adsorbed phase, rather than as nanocrystalline uraninite. Elevated concentrations of reduced Fe and S phases as well as organic carbon were also measured. Biomass was correlated to organic carbon, suggesting that natural bioreduction was stimulated by a zone of increased organic carbon, resulting in Fe, U, and S reduction. The zone of natural bioreduction appears to be stabilized to oxidation, possibly through maintenance of locally reducing conditions by microbial activity and the presence of redox buffering mineral phases (reduced Fe and S phases) (Campbell et al, 2011b ).
Chemical Extraction for determination of labile U(VI) and oxidizable U(IV) content in sediment
In natural sediments where solid phase U concentrations are relatively low, as is the case with Rifle, direct spectroscopic measurement of U oxidation state is often beyond the capability of current technology and/or often not feasible for a large number of samples. Since dissolved inorganic carbon is a strong ligand for U(VI), bicarbonate/carbonate chemical extractions can serve as an alternate method for measuring solid phase U oxidation state. Anoxic sediment extracted with a bicarbonate/carbonate solution liberates labile (adsorbed) U(VI), while a subset of the same sample extracted under oxic conditions releases total oxidizable/labile U(VI); the difference is the oxidizable U(IV) content of the sediment. Conventionally, the anoxic extraction is performed at pH 9.4 under a 5% CO 2 atmosphere in an anaerobic chamber (Kohler et al. 2004 ). However, a comparison of oxidation state estimates obtained on a naturally-bioreduced Rifle sediment using the anoxic extraction method and X-ray absorption spectroscopy showed that substantial oxidation of U(IV) occurred during anoxic extraction. Subsequent experiments with biogenic uraninite and ferrihydrite and additional thermodynamic calculations demonstrated that Fe(III) can oxidize U(IV) under anoxic extraction conditions. A new extraction method was shown to prevent anaerobic oxidation in Rifle sediments by increasing the pH to 10.5 and decreasing the CO 2 atmosphere to 400 ppm. In addition, the experiments and calculations extend the range of pH and CO 2 conditions reported by Ginder-Vogel and co-workers (Ginder-Vogel et al. 2006) , and suggest that U(IV) oxidation by Fe(III) is a potentially relevant abiotic process in natural sediments.
Abiotic reduction of U(VI) by Fe(II)
Although dissolved Fe(II) is relatively unreactive toward U(VI) at circumneutral pH, Fe(II) adsorbed to Fe oxides has been shown to reduce adsorbed U(VI) (Liger et al. 1999) . Proposed mechanisms of this interaction include direct electron transfer between adsorbed species and/or electron migration through a conductive mineral. To elucidate the former mechanism, Fe(II) and U(VI) adsorption onto a non-conductive mineral (0.5 g/L γ-Al 2 O 3 ) was investigated at pH 7 and 8.2 at several different surface loadings and concentrations of CO 2 in an anaerobic chamber. To understand the effects of competitive adsorption between Fe(II) and U(VI) on surface loading in the system, Ni(II) was used as a proxy for Fe(II) in a separate set of adsorption experiments. Ni(II) was also used as a non-reactive control condition. At pH 7, no reaction between Fe(II) and U(VI) was observed under any conditions, but reduction of U(VI) did occur when approximately equal amounts of adsorbed Fe(II) and U(VI) were present on the alumina surface at pH 8.2. This suggests that at appropriate surface loadings and high pH, a direct electron transfer between Fe(II) and U(VI) can occur. This is consistent with an Fe(II) oligomer formation mechanism proposed for this reaction (Boyanov et al. 2007 ). The results suggest that the direct reaction of adsorbed Fe(II) with adsorbed U(VI) is unlikely to proceed at the pH of Rifle groundwater.
Conclusions
With the goal of producing stable, insoluble reduced U(IV) phases, biostimulation is a promising strategy for contaminated groundwater remediation. The stability of products in the field depends upon a variety of factors, including rate and mechanism of reduction, mineral associations in the subsurface, and propensity for oxidation. A zone of natural bioreduction suggests that long-term stability of adsorbed U(IV) phases may be possible, potentially by sustaining locally reduced conditions, precipitating redox-buffering minerals, and even maintaining the presence of biomass. Biogenic uraninite was found to be more stable to oxidation by DO under aquifer conditions than predicted in laboratory studies, and its nanoparticulate nature does not appear to make it more susceptible to oxidation. Kinetic limitations of chemical diffusion may extend the lifetime of U(IV) in the subsurface. However, other oxidants in the subsurface, such as Fe(III) oxides, may be important. Although further research is necessary to determine the redox balance in the field, laboratory results indicate that the favorability of Fe(III) as an oxidant over Fe(II) as a reductant is very sensitive to
